By investigating the optoelectronic properties of prototypical graphene/hexagonal boron nitride (h-BN) heterostructures, we demonstrate how a nanostructured combination of these materials can lead to a dramatic enhancement of light-matter interaction and give rise to unique excitations. In the framework of ab initio many-body perturbation theory, we show that such heterostructures absorb light over a broad frequency range, from the near-infrared to the ultraviolet (UV), and that each spectral region is characterized by a specific type of excitations. Delocalized electron-hole pairs in graphene dominate the low-energy part of the spectrum, while strongly bound electronhole pairs in h-BN are preserved in the near-UV. Besides these features, characteristic of the pristine constituents, charge-transfer excitations appear across the visible region.
Van der Waals (vdW) heterostructures are a new frontier of materials science. 1 The possibility of stacking atomically-thin layers with nanoscale precision has opened unprecedented opportunities to create materials with customized characteristics. New properties can be accessed through a combination of the constituents, which maintain their intrinsic features.
2,3
This perspective is particularly appealing in the field of optoelectronics. The response of materials to electromagnetic radiation, consisting in a multitude of diversified phenomena, is extremely sensitive to their atomic structure and, consequently, to their electronic properties. Systems efficiently absorbing over a broad frequency range can be designed through an engineered stacking of single layers. Charge-transfer excitations, with the electron and the hole delocalized on different layers, can be created at the interface. [4] [5] [6] [7] [8] [9] At the same time, the spatial separation of the electron-hole pairs can be enhanced through a systematic modulation of the structural properties.
10-12
Graphene and hexagonal boron nitride (h-BN) monolayers are ideal candidates to achieve this goal, as they exhibit a complementary behavior when interacting with light. The optical spectrum of graphene, a peculiar semi-metal, 13 is dominated by a zero-energy resonance, while it is rather featureless in the visible region.
14 Collective excitations, such as excitons and plasmons, occur only at ultraviolet (UV) frequencies. [15] [16] [17] [18] On the other hand, h-BN is a large band-gap material transparent to visible light, which exhibits unique optical properties in the near-UV range 19, 20 related to the presence of strongly bound excitons. [21] [22] [23] Combining these two materials to form a vdW heterostructure enables one to benefit from their individual characteristics and to access new features. 24 The small mismatch between their lattices has already triggered a number of pioneering studies in this direction, [25] [26] [27] [28] further boosted by the opportunity to exploit h-BN in view of opening a band gap in graphene. [29] [30] [31] When interacting with light, graphene/h-BN vdW heterostructures are expected to show all their potential, 32 as recently demonstrated also for plasmonic excitations.
33-35
In this work, we study the optoelectronic properties of prototypical periodic graphene/h-BN heterostructures. Through a detailed analysis of the spectra, enabled by a highly precise state-of-the-art ab initio many-body approach, we demonstrate that different types of excitations coexist in such a system, each of them dominating a well-defined frequency range.
We focus on charge-transfer excitations that are created at the interface and show that a selective modulation of the stacking of h-BN layers with respect to each other and to graphene can tune the spatial distribution of the electron-hole (e-h) pairs. As such, our results pave the way for selectively enhancing light-matter interaction through nano-patterning.
To perform this study we consider a periodic heterostructure with a graphene sheet sandwiched between four h-BN layers. Such a system is modeled by a trilayer unit cell (h-BN/graphene/h-BN), infinitely replicated by means of periodic boundary conditions. In this configuration, each h-BN layer directly interacts with both graphene and another h-BN
sheet. An important parameter is represented by the stacking arrangement of the layers in the in-plane directions. Here we focus on a structure where h-BN layers are displaced with respect to graphene such that the N atoms are located on hollow sites with respect to the hexagonal carbon lattice (Fig. 1a, inset) . We refer to this configuration as the B-g-B stacking, where g stands for graphene, and B indicates the displacement of the h-BN layers, with respect to the carbon sheet, according to the conventional nomenclature for stacked systems. 36 More details on the structural properties of the heterostructure are provided in the Supporting Information (SI).
The electronic and optical properties of the B-g-B heterostructure are summarized in Fig. 1 . The interaction with h-BN, although weak, is sufficient to open a quasi-particle gap of 250 meV in graphene along the K-H path of the Brillouin zone (BZ). This result is in good agreement with previous studies based on density-functional theory 37-39 and manybody perturbation theory [40] [41] [42] performed on analogous systems. On the other hand, the interaction with graphene tends to reduce the intrinsic band gap of h-BN, which in this heterostructure amounts to 5.15 eV at the high-symmetry point K (see Fig. 1b ). This value is about 0.5 eV smaller than the quasi-particle gap reported for bulk boron nitride in the corresponding stacking sequence. 43, 44 Such a band-gap reduction is mainly ascribed to polar- Figure 1 : a: In-plane component of the imaginary part of the macroscopic dielectric function of a B-g-B stacked h-BN/graphene/h-BN heterostructure (inset), computed by including (BSE, solid line) and by neglecting (IQPA, shaded area) excitonic effects. b: Quasi-particle electronic structure of the system. The band character is indicated using the color code of the atomic species (C: gray, N: blue, B: pink). The valence-band maximum is set to zero. c: Two-dimensional projections of the electron component of the e-h wave-functions highlighted in the spectrum in panel a. The corresponding position of the hole is marked by a black dot. 5 ization effects, which have been extensively discussed for molecules and polymers adsorbed on graphene, [45] [46] [47] and which turn out to be non negligible even in the case of interacting monolayer insulators such as h-BN and carbon fluoride. 48 The electronic properties of the heterostructure are reflected in the optical spectrum (Fig 1a) , as well as in the wealth of excitations dominating specific energy regions (Fig 1c) . Among them, we immediately identify three main types, depending on their spatial extension along the in-plane and out-of-plane directions: delocalized excitations with both the electron and the hole in the same (I and II) or in different layers (III and IV), as well as localized excitons in the h-BN layer (V and VI). In the following, we discuss in detail each spectral region and the excitation types characterizing it.
The low-frequency part of the spectrum, up to 1 eV, is dominated by interband transitions within the graphene layer, consistent with optical-conductivity measurements. 49, 50 Due to the symmetry of the honeycomb carbon lattice, the first peak (I) and its shoulder (II)
are double-degenerate (more details in the SI, Fig. S4a ). These excitations exhibit π-π * character, as shown in Fig. 1c by the corresponding correlated probability of finding the electron for a fixed hole position. Specifically, the first absorption maximum (I) at 220 meV comes from a transition along the K-H path of the BZ, while II has major contributions in the vicinity of K, where the electronic wave-functions of valence-band maximum (VBM) and conduction-band minimum (CBM) are located on inequivalent carbon atoms in the unit cell (see also Figs. S2a and S5). These intense peaks at IR frequencies are generated by the finite band-gap induced by the interaction of the carbon monolayer with the neighboring h-BN sheets. 29 Consequently, the zero-energy divergence dominating the absorption spectrum of graphene, as an effect of its semimetallic character, 14,16 disappears in the heterostructure, with the peak being blue-shifted due to the presence of the quasi-particle gap.
51
The interband character of the graphene-derived excitations is confirmed by the appearance of analogous absorption maxima in the spectrum computed within the independent quasi-particle approximation (IQPA). The e-h interaction does not affect the spectral shape nor the nature of the excitations, characterized by a delocalized π * -like distribution of the electron in one inequivalent carbon atom in the unit cell, with the hole being located on the other carbon atom within the graphene layer (Fig. 1c) . Excitonic effects essentially red-shift the peak position by 30 meV with respect to the gap, which coincides with the onset of the IQPA spectrum at 250 meV. Also the peculiar nature of the highest occupied band, with C-like character in the vicinity of K-H and with N-like character elsewhere in the BZ, is directly determined by the periodic alternation of the monolayers. In the UV region, between 5 and 6 eV, we find the spectroscopic signatures of h-BN, mainly related to the excitonic peak centered at 5.4 eV. A double-degenerate bound exciton dominates the spectrum of the bulk material, 21-23 with its characteristics being preserved in the heterostructure. In the latter case, the exciton binding energy cannot be quantified with respect to the fundamental gap, which is given by the graphene bands (Fig. 1b) . However, comparison between the BSE and the IQPA spectra indicates that the two main excitations (V and VI) stem from the manifold of interband transitions between 6 and 8 eV (Fig. 1a) . Considering the absorption maximum of the broad hump between 6 and 8 eV in the IQPA spectrum, we estimate the binding energy of excitation V to be of the order of 1 eV. In this region, the dipole coupling between the single-particle transitions generates spatially confined e-h pairs with large oscillator strength (Fig. 1c) . At the same time, the e-h Coulomb interaction shifts the spectral weight to lower energy. The correlated electron distribution of these excitons is confined within a triangular region that spreads over a few unit cells around the fixed hole position, in analogy with the excitations predicted for bulk h-BN. [21] [22] [23] In Fig. 1c we report the corresponding averaged densities, while individual plots are shown in the SI ( is formed by a number of excitations with the same character as V (Fig. S3a ). On the other hand, the weaker peak at 6 eV, in addition to exciton VI, embraces several excitations with rather mixed character, corresponding to delocalized e-h pairs.
In the visible and near-UV range, where the spectra of the constituents are rather featureless, we find the actual fingerprints of the heterostructure. The oscillator strength between In-plane component of the imaginary part of the macroscopic dielectric function of a B-g-C stacked h-BN/graphene/h-BN heterostructure (inset), computed by including (BSE, solid line) and by neglecting (IQPA, shaded area) excitonic effects. b: Quasi-particle electronic structure of the system in the vicinity of the high-symmetry points K and H, approached from two different directions. The band character is indicated using the color code of the atomic species (C: gray, N: blue, B: pink). The valence-band maximum is set to zero. c: Two-dimensional projections of the electron component of the e-h wave-functions highlighted in the spectrum in panel a. The corresponding position of the hole is marked by a black dot.
9
The spatial extension of the excitations can be further tuned by modifying the stacking arrangement of the boron nitride layers with respect to the carbon sheet. For this purpose, we consider another heterostructure with B-g-C stacking arrangement. In this case the two h-BN layers in the unit cell are laterally displaced with respect to each other and to graphene.
In this way, the boron atom of one h-BN sheet and the nitrogen atom of the other one are at the hollow site of the carbon honeycomb lattice (Fig. 2a, inset) . Overall, the spectrum shown in Fig. 2a does not exhibit significant differences compared to its counterpart in the B-g-B heterostructure. Clearly, also the quasi-particle band structure is similar to the one of the B-g-B system. In Fig. 2b we plot the band dispersion in the vicinity of the highsymmetry points K and H, approached from two different directions (see also To be consistent with the previous analysis of the B-g-B heterostructure, we inspect here the analogous features. Excitation III at about 2.5 eV is again double-degenerate (Fig. S4a) and stems from transitions between the N-like VBM-2 to the graphene-like CBM (Fig. S6 in the SI). The electron is uniformly delocalized on graphene, exhibiting a π * -like distribution, with the hole located on the h-BN layer directly above the carbon sheet, where the probability density of VBM-2 is the maximal (see Fig. S2b in the SI). Likewise, excitation IV is given
by an e-h pair generated by transitions from the highest-occupied graphene band, VBM, and the boron-like CBM+2. In this case, the hole is on the carbon layer, and the electron is distributed over the h-BN sheet directly below it (Fig. 2c) . A few hundreds of meV lower and higher in energy compared to III and IV other excitations are present (not shown), exhibiting again interlayer nature but different e-h distribution, consistent with the character of the h-BN bands (Fig. S2b) . A difference with respect to the B-g-B heterostructure should be noted at this point. In the latter system, the electron distribution of excitation III is in graphene, regardless of whether the hole sits on the h-BN layer directly above or below it.
Instead in the B-g-C stacked system the correlated hole probability associated to excitation III is limited to one boron nitride sheet with the corresponding electron being again spread over the carbon lattice. Likewise, in this heterostructure, the electron distribution of excitation IV is restricted only to one h-BN layer, with the correlated hole sitting on graphene.
These results indicate that the distribution of the e-h pairs appear to be very sensitive to the stacking sequence.
In a similar fashion, also the h-BN excitons are significantly affected by the layer stacking.
In this case, even the shape of the corresponding peak in the spectrum is modified compared to the B-g-B heterostructure. The absorption maximum, centered at 5.6 eV, is formed by a number of excitations ( . Moreover, they indicate the character and the composition of excitations, being the coefficients of the two-particle wave-functions
vk (r h ). Absorption spectra are represented by the imaginary part of the macroscopic dielectric function Imε M = 8π
where Ω is the unit cell volume.
All calculations are performed using exciting, 78 an all-electron full-potential code, implementing the family of linearized augmented planewave plus local orbitals methods. In atoms, and have in-plane lattice parameter a=2.49Å. In the B-g-B stacking arrangement (Fig. S1a) , c=9.58Å. In this configuration, the graphene layer is separated by 3.11Å from the h-BN ones, while two neighboring h-BN sheets are at a vertical distance of 3.36Å. In the B-g-C heterostructure c=9.42Å. In this system, the distance between graphene and the h-BN layers in stacking position B and C is 3.10Å and 3.27Å, respectively. In this stacking sequence, the distance between two neighboring boron nitride sheets is 3.05Å.
S2
In Figs Figure S2: Quasi-particle band structure in the vicinity of the K-H path and electron probability density at K of the three highest occupied and the three lowest unoccupied Kohn-Sham states of the B-g-B (a) and the B-g-C (b) heterostructures. The three layers included in the unit cell are shown in the foreground, while periodic images are shaded.
In Fig. S2 we show the spatial extension of the electron density associated with the three lowest occupied and unoccupied Kohn-Sham (KS) states at the high-symmetry point K.
Regardless of the stacking order, the VBM and the CBM are purely graphene-like π and π * states, respectively, exhibiting their typical delocalized distribution on the two inequivalent carbon atoms in the unit cell. In the B-g-B system, VBM-1 and VBM-2 are extended N S3 states, while CBM+1 and CBM+2 show a boron-like character. In both cases, the electron distribution is uniformly spread over both h-BN layers included in the unit cell. This is a direct consequence of the equivalent arrangement of the h-BN sheets with respect to each other. On the other hand, in the B-g-C heterostructure VBM-1 and VBM-2 as well as CBM+1 and CBM+2 are almost degenerate at K and their corresponding electron density is distributed on one inequivalent h-BN layer.
Graphene/h-BN Heterostructures: Optical Properties 
Exciton Analysis in k-Space
In this section, we provide an additional analysis of the excitations highlighted in Figs. 1 and 2 in the main text. Specifically we consider here the k-resolved contributions of individual quasi-particle bands to the electron-hole pairs. To do so, we introduce the weight of each transition between valence and conduction states at a given k-point, defined as:
In Figs. S5 and S6 these quantities are plotted as colored circles, whose size is representative of the k-resolved band contributions, independently of the oscillator strength of the corresponding excitation.
In 
